The enzyme histidine ammonia-lyase (histidase) is required for growth of Streptomyces griseus on L-histidine as the sole source of nitrogen. Histidase was induced by the inclusion of histidine in the medium, regardless of the presence of other carbon and nitrogen sources. Histidase activity was increased by a shift of culture incubation temperature from 30 to 37°C. Conversely, upon induction of sporulation by either phosphate starvation or nutritional downshift, histidase underwent rapid inactivation. Nutrient replenishment fully reversed histidase inactivation while simultaneously permitting reinitiation of vegetative growth. In contrast to histidase inactivation during sporulation, histidase was activated after transition of a vegetatively growing culture to stationary phase. Although neither activation nor inactivation required de novo protein synthesis, inactivation appeared to involve a heat-labile protein. The results indicate that histidase activity is regulated in vivo by a process that responds to changes in the growth phase of the organism.
To utilize L-histidine as the sole source of nitrogen, streptomycetes require the enzyme histidine ammonia-lyase (histidase; EC 4.3. 1.3; 8) . This enzyme catalyzes the nonoxidative deamination of L-histidine, forming urocanate and ammonia. In bacteria capable of utilizing histidine as a carbon source, catabolism of urocanate results in the generation of glutamate, which can then be used in biosynthesis or as a source of energy and reducing power (6, 12, 13, 16, 23) .
In the enteric bacteria (1, 16, 22) , pseudomonads (11, 12, 19) , and Bacillus subtilis (2, 5) , histidase synthesis is induced when histidine is the sole carbon and nitrogen source, whereas histidase is not synthesized in the absence of exogenous histidine. Histidase expression is not guaranteed by the presence of histidine in the environment, however. In Aerobacter aerogenes histidase gene expression is subject not only to induction but also to carbon catabolite repression and nitrogen regulation; histidase synthesis is repressed by glucose, but only in the presence of a readily utilizable nitrogen source such as ammonia (18, 20) . Contrasting results were obtained in the analysis of the regulation of histidase expression in B. subtilis and Salmonella typhimurium. Investigators observed induction as well as carbon-catabolite repression of histidase; however, histidase gene expression in these organisms does not occur under nitrogen-limiting conditions in the presence of glucose (1, 2) .
Our previous results (8) suggested that histidase from the gram-positive organism Streptomyces coelicolor is subject to neither carbon catabolite repression by glucose nor nitrogen regulation by ammonia. As in other bacteria, however, histidase is inducible in streptomycetes. In this paper, we show that the presence of L-histidine in both defined and complex media induces histidase in Streptomyces griseus, regardless of the presence of additional carbon and nitrogen sources. Furthermore, kinetic analysis of histidase from S. griseus suggests that histidase activity is regulated in vivo by a novel, reversible posttranslational mechanism.
(These results were presented in part at the 86th Annual Meeting of the American Society for Microbiology [T. A. Growth of bacterial strains. For all experiments, S. griseus strain NRRL B-2682 was used. An activated submerged spore preparation of strain 2682 (7), pregerminated in Trypticase soy broth (BBL Microbiology Systems, Cockeysville, Md.), was inoculated into the appropriate medium to a concentration of approximately 5 x 105 CFU/ml and grown overnight at 30°C in a rotary shaker at 250 rpm. Polyethylene glycol 8000 (5% [wt/vol] ; Sigma Chemical Co., St. Louis, Mo.) and a coiled spring were included in all media to enhance dispersed growth (8) . Medium 2XYT was prepared according to the formula of Miller (17) . When 10 mM L-histidine was added to the 2XYT (designated 2XYTH), 10 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-NaOH or sodium-potassium phosphate (NaKP1) buffer, pH 7.3, was also included. The phosphate buffer was prepared as a 1 M stock solution by combining 1 M solutions of NaH2PO4 and K2HPO4 to obtain the appropriate pH. Sporulation medium (SM; 7) contained 1.0 mM K2SO4, 0.1 mM FeCl3, 0.1 mM sodium nitrilotriacetate, 50 mM NaKP, (pH 7.3), 2 mM MgCl2, 0.1 mM CaCI2, 20 mM glucose, 20 mM NH4Cl, and 10 mM L-histidine (added as a filtersterilized solution of 0.5 M L-histidine-NaOH, pH 6.0). To induce sporulation by phosphate starvation, Pi was omitted from this medium and 50 mM TES-NaOH (Sigma), pH 7.3, was included. When sporulation was induced by nutritional downshift, 50 mM NaKP1, pH 7.3, was used as buffer. Other media formulations and conditions of growth were as described by Kendrick and Ensign (7) , with the addition of 10 mM L-histidine when needed. The complex media used in this study, 2XYT phosphate-buffered SM + CAA) was harvested at room temperature by centrifugation at 15,000 x g for 10 min. The mycelial pellet was washed with 30 ml of SM and centrifuged again. The cell pellet was then suspended in 10 ml of SM prewarmed to 30°C, and this suspension was rapidly transferred to 250 ml of identical medium in a 1-liter Erlenmeyer flask. This entire process was completed in approximately 40 min. The time at which the mycelia were added to the flask was designated 0 h. Enzyme analysis. The cells and materials used in the preparation of the extract were maintained at 4°C throughout the procedure. Mycelia were harvested by centrifugation at 27,000 x g for 15 min. Cells were washed with 1 M KCl and concentrated 50-fold in 50 mM Tris hydrochloride, pH 7.5. After cell disruption by a single passage through a French pressure cell at 12,000 lb/in2, cell debris was removed by centrifugation at 27,000 x g for 15 min. The supematant at this stage served as the crude extract. In some cases, the crude extract was subsequently centrifuged at 100,000 x g for 1 h to remove particulate material, and the resulting supernatant was dialyzed against 200 volumes of extraction buffer for a total of 2 h (one change) before the assay. This source of enzyme was designated dialyzed extract. As an alternative to dialysis, the supematant was passed through a PD-10 desalting column (Pharmacia Fine Chemicals, Piscataway, N.J.).
The assay for histidase activity was that used by Kendrick and Wheelis (8) . One ml of 50 mM Tris hydrochloride, pH 8.5, was prewarmed to the reaction temperature. Approximately 150 ,ug of protein (25 ,ud of cell extract) was added, immediately followed by 50 ,ul of 0.1 M L-histidine-NaOH (pH 6.0; Calbiochem-Behring, La Jolla, Calif.) to start the reaction. The reaction was monitored in a thermally regulated recording spectrophotometer (Gilford Instrument Laboratories, Inc., Oberlin, Ohio) for at least 10 min. Unless otherwise indicated, assays were conducted at 30°C. Specific activity was calculated as nanomoles of urocanate formed per minute (milliunits) per milligram of protein, with 18.8 cm-l pmol-1 ml as the millimolar extinction coefficient for urocanate (8) . Protein concentration was measured according to the spectrophotometric method of Ehresmann et al. (4) , with bovine serum albumin as a standard. For a given extract preparation, the initial reaction velocity was linearly proportional to the concentration of protein.
For heat treatment, a sample of the extract was added to a glass tube and incubated at the indicated temperature for the duration specified in Results. For most experiments, a temperature of 60°C was used. In the heat-activation experiment, however, samples of the extract were incubated at temperatures between 4 and 80°C.
Activation rate ("Activation"; see Tables 1, 2 , and 3) was calculated as the ratio of activity at 9.5 min of reaction to initial activity, measured 1.0 min after initiation of the reaction. Each activity was calculated by measuring the change in absorbance during a 1-min period, from 9.0 to 10.0 min in the former case and from 0.5 to 1.5 min in the latter case. The value obtained for activation represents the rate of conversion of inactive histidase to active histidase. Percent active ("% Active"; see Tables 2 and 3 ) refers to the fraction of histidase existing in the active form and was determined as 100 x the initial activity at 1.0 min of reaction relative to the activity in the extract heated at 60°C for 10 min.
RESULTS
Histidase activity is inducible in Streptomyces griseus. Growth rate measurements revealed that histidine is an excellent nitrogen source for S. griseus. In the absence of L-histidine, virtually no histidase activity was detected. The specific activity of histidase increased approximately 50-fold upon inclusion of histidine in the medium of exponentially growing cultures, regardless of the presence of glucose, glutamate, or ammonium chloride.
Histidase undergoes activation in vitro. In the course of analyzing histidase activity in crude extracts prepared from vegetative mycelia of S. griseus, we observed that the reaction kinetics displayed a curvature indicative of an activation event (Fig. 1) . We quantified this activation as the STREPTOMYCETE HISTIDASE 825 ratio of activity at 9.5 min of reaction to the initial activity, measured at 1.0 min of reaction. When histidase from exponentially growing cultures was assayed in crude extracts at 30°C, activation approximated 2.0. Histidase activation was probably not caused by the presence of substrate or product: incubation of the reaction mixture, containing dialyzed extract, at 30°C for 10 min in the absence of L-histidine activated the enzyme to the same extent as incubation in the presence of L-histidine (Table 1) . A variety of other small molecules likewise had no effect on the activation of histidase. Unlike pseudomonad histidase, which is activated by thiol reagents and manganous ion (9, 14, 15, 21) , streptomycete histidase activity was altered by neither thiol reagents nor divalent cations nor EDTA ( Table  1) .
The activation observed during the histidase reaction could be interpreted to mean that multiple forms of histidase exist in the extract. To investigate this possibility, we measured the histidase reaction rate at a variety of temperatures. Figure 2 shows an Arrhenius plot for untreated crude extract. The optimum reaction temperature for streptomycete histidase was approximately 50°C. More informative, however, was the discontinuity in the slope of this plot between 30 and 45°C. Linear regression analysis of these data indicated two distinct lines that intersect at 36.9°C, with slopes of -1.3 and -3.5. This result is consistent with the occurrence of two forms of histidase in the crude extract, each catalyzing reactions with distinct energies of activation.
The curved kinetics of the histidase reaction prompted us to determine whether histidase in crude extracts could be activated by heat treatment in vitro. Identical portions of crude extract prepared from a culture of strain 2682 grown to late exponential phase in 2XYTH were heated for 10 min at temperatures from 30 to 80°C. Partial activation occurred during incubation of the extract for 10 min at 30°C. Treatment at temperatures between 40 and 70°C resulted in uniformly high activity with linear reaction kinetics (Fig. 1) , whereas histidase rapidly lost activity when the crude extract was heated to 80°C. The activation was not reversed by subsequent prolonged incubation at 4°C, nor was the in- We then compared the kinetics of histidase activation during incubation of the crude extract at three temperatures. Samples of a crude extract prepared from mycelia grown to mid-exponential phase in SM + CAA were incubated at 30, 37, or 60°C. At various times, samples were removed and chilled at 4°C. After all samples had been collected, they were assayed for histidase at 30°C. Activation was most rapid at 60°C; histidase acquired maximal activity after 7 min of incubation (Fig. 3) . Activation was complete in 10 min at 37°C, whereas full activation at 30°C required incubation of the extract for 40 min. The activation kinetics in the reaction mixture closely paralleled that of the undiluted extract incubated at 30°C: 30 min of reaction was required to obtain fully active histidase, and the maximal activity attained was identical to that reached after incubation of the undiluted extract at 30°C for 40 min (data not shown).
The Arrhenius plot for extract heated at 60°C for 10 min suggested the presence of a single enzyme form with an optimal reaction temperature of 45 to 48°C (Fig. 2) (-1.3) .
If the temperature of discontinuity of the unheated extract (37°C; Fig. 2 to an A420 of 1.0. Equal portions of this exponentially growing culture were incubated for an additional 30 min at 30 and 37°C, during which time both cultures continued to grow at approximately equal rates. Crude extracts were then prepared and assayed for histidase. Growth of the mycelia at 370C resulted in virtually all of the histidase existing in its active form (99% active) displaying linear reaction kinetics, whereas in the mycelia grown at 30°C, histidase was maintained in a less active form (39% active) with a moderate rate of activation ( Table 2 ). The presence of chloramphenicol at 200 ,ug per ml, a concentration sufficient to inhibit at least 85% of protein synthesis in strain 2682 (K. E.K., unpublished observations), did not affect the in vivo activation of histidase ( Table 2) .
The results of our in vitro studies were consistent with the hypothesis that the conversion of active histidase to the less active form was sensitive to high temperature. To determine whether histidase inactivation was heat sensitive in vivo, we attempted to reverse the heat-induced activation of histidase by transfer of the mycelia from 37 to 300C. In the absence of chloramphenicol, histidase was partially inactivated upon transfer from 37 to 300C (Table 2 ). When protein synthesis was inhibited by the inclusion of chloramphenicol, however, histidase was maintained in a fully active form (Table 2) .
Histidase is inactivated during sporulation. Our results indicated that streptomycete histidase activity was modulated in vivo by changes in the growth temperature. We wished to learn whether other culture incubation conditions also affected histidase activity. To (Table 3) . In contrast, histidase activity rapidly decreased during the earliest period of sporulation (Table 3) , at which time histidase existed primarily as the less active form (18% active). The fraction of active histidase gradually increased as sporulation proceeded. In all of the sporulating cultures, the activation rate was high. (The difference in activity between the vegetative culture and the sporulating culture is significant by Student's t test analysis [P < 0.001]). The activities measured after heat treatment of the extracts indicated that the total amount of histidase present under all culture conditions was approximately equal (P > 0.1).
We then tested the possibility that the inactivation of histidase in a sporulating culture was a consequence of phosphate starvation rather than the induction of sporulation. To do this, we induced sporulation by nutritional downshift. The kinetics of the sporulation process induced by nutritional downshift are essentially identical to those of sporulation during phosphate starvation (7; unpublished observations). When exponentially growing mycelia were transferred from a complex medium (SM + CAA) to SM (from which the casein hydrolysate was omitted), a crude extract prepared from mycelia harvested 15 min after transfer contained histidase that was 12% active (Table 3) , with an activation rate of 4.2. The fraction of active histidase increased twofold during the course of the experiment, and the activation rate remained high (Table 3) .
To demonstrate that the rapid decrease in histidase activity was not the result of the mycelia entering nongrowing conditions, we also measured histidase activity in an extract prepared from stationary-phase mycelia. A greater proportion of histidase from this culture existed as the more active form (57% active; Table 3 ).
Histidase inactivation is reversible. Vegetatively growing cultures were induced to sporulate by the nutritional downshift procedure described above. At 15 min after induction was initiated, casein hydrolysate was added back to the culture to a final concentration of 1%. No additions were made to the control culture. After 15 min or 1 h of further incubation, mycelia were harvested, disrupted, and assayed for histidase. The results indicate that the nutritionally replenished culture, which had resumed growth, contained histidase that was significantly more active (P < 0.001) than that of the sporulating culture (Table 3) . Similar results were obtained when chloramphenicol was added to the mycelia 15 min before the initiation of the nutritional downshift (Table   TABLE 2 3), indicating that the reversibility was independent of protein synthesis during continuous incubation at 30°C. DISCUSSION We conclude from these experiments that streptomycete histidase expression and activity appear to be regulated by distinctive mechanisms. Histidase was induced whenever histidine was included in the culture medium, regardless of the presence of other carbon and nitrogen sources. This observation is not surprising in view of the fact that histidine is an excellent nitrogen source for S. griseus, and the observation agrees with the results obtained in the analysis of histidine utilization in S. coelicolor (8) . It appears, therefore, that histidase expression in streptotnycetes is not subject to either carbon catabolite repression by glucose or glutamate or nitrogen regulation by ammonia or glutamate.
Our results also demonstrate that histidase activity is regulated in vivo. Initial observations indicated that histidase from both S. griseus and S. coelicolor underwent activation during the enzymatic reaction; additionally, histidase activity could be maximized and made linear by heat treatment ( Fig. 1; K. E. Kendrick, Ph.D. thesis, University of California, Davis, 1979) . Because heat treatment resulted in an increase in activity of the extract when assayed at 30°C, we conclude that heat treatment converts the less active form of histidase to the more active form in vitro. The active form generated by treatment of the extract at 60'C for 10 min is likely to be identical to that generated during the histidase reaction, since both conditions resulted in enzymatic reactions with the same energy of activation (Fig. 2) .
The temperature shift experiment (Table 2) showed that the in vitro activation process directly correlates with in vivo activation. Histidase inactivation appears to involve a heatsensitive event which is dependent on one or more proteins ( Table 2 ). The simplest interpretation of this result is that histidase inactivation requires the participation of a heatlabile protein. Additional experiments suggested that histidase inactivation may be characteristic of the initial stage of streptomycete sporulation, whether induced by phosphorus starvation or nutritional downshift (Table 3) . We have therefore identified four culture conditions which have distinct effects on histidase activity: vegetative growth at low temperature, growth at high temperature, entry into stationary phase, and sporulation. We note that incubation at 37°C, which results in activated histidase, inhibits sporulation of S. griseus (K. E. Kendrick, unpublished observations) . Histidase inactivation at the onset of sporulation is reversed by conditions that allow mycelia to renew vegetative growth. Furthermore, both activation and inactivation are independent of protein synthesis in cells incubated at 30°C (Table 3) .
There are three possible mechanisms by which histidase activity could be modulated both in vitro and in vivo. Perhaps histidase can undergo a reversible change in conformation dependent on the culture conditions. McClard and Kolenbrander (14, 15) have shown that histidase purified from Pseudomonasfluorescens comprises two conformational isomers which can be interconverted by temperature or interaction with sulfhydryl reagents. These researchers also demonstrated a discontinuous Arrhenius plot for purified histidase (14, 15) . No evidence was presented, however, to indicate that this mechanism regulated histidase activity in vivo.
Alternatively, histidase inactivation may occur by reversible polymerization, as Klee (9) has suggested for histidase purified from pseudomonad strain 11299. The polymerized forms of histidase were less active than the monomeric form.
In agreement with the data of Rechler (21), Klee (9) detected sulfhydryl-dependent and cation-dependent activation of purified histidase ahd consequently proposed that depolymerization required interaction of histidase with sulfhydryl reagents. Consevage (Tables 2 and 3) . Furthermore, the in vitro kinetics, displaying activation, are inconsistent with a proteolytic-inactivation mechanism.
Activation of histidase by proteolysis is more difficult to rule out. If proteolysis of the less active enzyme generated the active form, then we would expect activation to be irreversible. Our results indicate that activation by proteolysis is unlikely because inactivation occurred rapidly, independent of protein synthesis, during the induction of sporulation (Table 3 ). Because proteins were still being synthesized, albeit at a low rate, it is alternatively possible that the production of less active histidase upon induction of sporulation is a consequence of leaky translation of the histidase message in the presence of chloramphenicol. The temperature effects in vivo, however, strongly suggest that there is at least one protein involved in histidase inactivation (Table 2) ; this result is inconsistent with a proteolytic activation mechanism, for which there would be no conversion to the less active form. The most straightforward interpretation of the data presented here is that histidase activity is regulated posttranslationally by a proteindependent mechanism that converts active histidase to an inactive form.
Even though histidase inactivAtion at the onset of sporulation involves only a two-to threefold decrease in activity, this subtle change in activity may reflect a profound change in cellular metabolism. LaPorte et al. (10) have demonstrated that a fourfold increase in the activity of isocitrate dehydrogenase from E. coli, effected by the addition of glucose to a culture growing on acetate, is amplified into a 97-fold increase in the flux of isocitrate through the citric acid cycle. As a consequence, flux through the glyoxylate shunt is virtually eliminated (10) . The authors presented theoretical and empirical arguments that minor alterations in either Vmax or Km can drastically alter cell metabolism at a metabolic branch point (10) . Histidine does occur at a branch point in streptomycete metabolism. Conversion, via histidase and subsequent enzymes, to glutamate is necessary for utilization of histidine as a carbon and nitrogen source for vegetative growth, whereas it is unlikely that histidase is required for sporulation, since S. griseus sporulates well in defined media in the absence of exogenous histidine (7) . We speculate that it is advantageous to the streptomycete to increase the flux of histidine through protein synthesis, and perhaps also production of secondary metabolites, at the onset of sporulation. Therefore, a minor decrease in histidase activity upon exposure to conditions that induce sporulation may have the potential to redirect histidine metabolism toward sporulation-specific processes.
Although our results implicate a reversible inactivation event in the regulation of histidase activity, we cannot yet discriminate among the three basic mechanisms by which this inactivation may occur. We are currently purifying histidase and analyzing mutants defective in histidine utilization to determine the biochemical mechanism underlying histidase inactivation during streptomycete sporulation.
